The squid giant axon is presented as a model for the study of macromolecular interaction be- teins synthesized in the Schwann cells surrounding the axon are subsequently transferred into the axoplasm.
The supply of macromolecules from the neuron cell body to the axon is well established (1) . However, some proteins may be supplied to the axon by synthetic mechanisms which exist at the level of the axon. Two possible sites have been suggested for the local synthesis of axonal proteins: (i) proteins are synthesized in the axoplasm (2) , and (ii)-proteins are synthesized in the Schwann cells surrounding the axon and subsequently transferred to the axon (3) . Singer has been the strongest proponent of the Schwann-cell-to-axon transfer hypothesis and has reviewed the literature regarding this question (4) .
The squid giant axon represents an ideal model for the study of axonal macromolecular synthesis because the axoplasm can readily be separated from the sheath by simple extrusion (5) . Amino-acid incorporation into protein has been demonstrated in the isolated giant axon (6, 7) . Furthermore, Lasek et al. (8) Md. 20014. teins synthesized in the Schwann cells surrounding the axon are subsequently transferred into the axoplasm.
MATERIALS AND METHODS
Protein synthesis was studied in squid giant axons obtained from live squid which were kept in a sea tank and used within 48 hr of capture. The giant axons were obtained by decapitating the squid and dissecting the axons under a stream of running sea water. The axons, 4-6 cm long, were tied with thread at both ends, removed from the mantle, and cleaned of adhering connective tissue in a petri dish filled with sea water under observation with a binocular dissecting microscope. Axons were incubated for 0-4 hr at 18-20°in 1 ml of Millipore-filtered (MPF) sea water containing either 10 A and B represent two different-sections from the same axon. Giant axons were isolated and incubated as described in the text. The incubation was terminated by immersion in 5% trichloroacetic acid containing excess unlabeled leucine (4°). The solution was changed five times over a period of 6 hr, the axon extracted with two changes of ethanol at room temperature overnight and imbedded in Epon by standard methods. All of the grains in the axoplasm were counted at X 1000 magnification. Grains in the sheath were estimated by counting the grains in a 25-jim2 ocular micrometer which was moved around the sheath twice so that every seventh 25-jim2 field was counted. In the first traverse around the sheath the inner Schwann cell layer was counted. In the second traverse the outer connective tissue layer was counted. The number of grains per jIm2 was calculated and multiplied by the area of the sheath which was determined by planimetry. Background was estimated in an equivalent area of the section adjacent to the tissue. All values are corrected for background (which never exceeded 10% of the counts shown and was much less for the higher values). The radioautographs were all coated with emulsion at the same time and exposed for one week. The emulsion was not saturated in any region of these preparations. axoplasm, rather than a contaminant from the sheath (Fig.   1 ). Grain counts of labeled axons incubated for 60, 120, and 180 min indicate that the axoplasm contains 12-28% of the counts in the sheath ( Table 2 ). The percentage of radioactivity in the axoplasm was higher in the radioautographic analysis (Table 2 ) than in the analysis of extruded axoplasm (Table  1) . This difference probably results from the inclusion of connective tissue elements and some small axons which adhere to the sheath in the extrusion experiments; in the radioautographic estimates these elements were systematically disregarded when the grains were counted. Axons incubated for 120 min with 50 /Ag/ml of AXM and 50 jg/ml of puromycin contained no grains above the background level (Fig. 1A) .
Local differences in incorporation were found when two levels of the same axon were compared (compare A and B in Table 2 ). This regional variation in the incorporation of proteins into the sheath was also found in single cross sections of axons (Fig. 1B ). It appears significant that a positive correlation was found between the number of grains in the axoplasm and the amount of label present in the adjacent region of the sheath. The lack of homogeneity in the labeling of the axon might result either from variation in the penetration of the precursor into the sheath cells or from regional differences in the rates of synthesis in the sheath cells. A gradient of radioactivity was found within the axoplasm which decreased with increasing distance from the sheath. That is, the outer regions of the axoplasm near the sheath cells exhibited more radioactivity than the more centrally located regions.
The radioautographs also indicated that the sheath is not a homogeneous structure. Fig. iD illustrates that the incorporation of [3H]leucine into the sheath was most intense in the thin stratum which directly surrounds the axon, and in scattered connective tissue cells in the outer layers of the sheath. This distribution of the radioactivity is consistent with the ultrastructural architecture of the sheath (12 (Fig. 1C) . Therefore, the appearance of labeled proteins in the axon is not unique to the giant axon in the squid, but appears to be a more general phenomenon in this mollusc and other species (3, 13) .
When the homogenates of sheath and axoplasm were centrifuged at 27,000 X g for 60 min, approximately 80% of the axoplasmic proteins were contained in the supernatant while only about 30% of the sheath proteins remained in the supernatant. This differential solubility of axoplasmic and sheath proteins, reported previously (7), indicates that labeled The soluble and insoluble proteins of the axoplasm and sheath were analyzed by sodium dodecyl sulfate-polyacrylamide disc gel electrophoresis (Fig. 2) . The profiles of the labeled proteins were complex, exhibiting a wide spectrum of labeled peaks in both axoplasm and sheath. Although the profiles were not identical, certain similarities are apparent when the axoplasm and sheath are compared. The major peaks found in the soluble axoplasmic proteins appear to correspond to minor peaks in the soluble sheath proteins. The profile of the soluble sheath proteins was dominated by a peak with a molecular weight of 50,000. This peak was not pronounced in the soluble proteins from the axoplasm, possibly indicating selectivity in the proteins which migrate from the sheath cells to the axon. In the case of the proteins associated with the pellet, the sheath and axoplasm both contained a high-molecular-weight peak (approximately 160,000). The two major peaks in the sheath pellet did not correspond exactly to the two peaks found in the axoplasm. The significance of comparisons between the sheath and axoplasm pellets is difficult to determine, because the axoplasm pellet contained a relatively small amount of radioactivity, while the sheath pellet contained the major fraction of the labeled sheath proteins.
The soluble proteins of sheath and axoplasin were also compared by isoelectric focusing on polyacrylamide gels. The profiles obtained for axoplasm and sheath were similar. A major peak of labeled proteins with an isoelectric point of 7.5 is present in both the sheath and axoplasm (Lasek, R. J., Gainer, H., and Barker, J., unpublished). Giuditta et al. (14) have demonstrated that [1311]albumin placed in the incubation medium is actively taken up into the isolated squid giant axon. It might be argued that the occurrence of labeled proteins in the axoplasm of the squid giant axon incubated in [3H]leucine represents a nonselective uptake of labeled proteins which are released by the sheath cells into the incubation medium. Therefore, we undertook an analysis of the appearance of radioactive proteins in the medium after 120 min of incubation. Although trichloroacetic acid-precipitable proteins appeared in the medium, they represented less than 50% of the radioactivity found in the axoplasm. The medium was dialyzed against distilled H20 at 40, lyophilized, and analyzed for proteins by sodium dodecyl sulfate-disc gel electrophoresis. Two major peaks of radioactivity were found, one which had a molecular weight of 150,000 and another which migrated with a molecular weight of 12,Q00. No significant peaks were found between 12,000 and 150,000 daltons. This experiment suggests that the labeled proteins found in the axoplasm do not represent uptake of labeled proteins present in the medium.
The large amount of 4S RNA present in the axoplasm (6) raises the possibility that amino-terminal addition occurs actively in the axoplasm. A soluble enzymatic system which requires tRNA but not ribosomes, and adds certain amino acids to proteins has been found in prokaryotes (15) and eukaryotes (16) . This mechanism does not offer a likely explanation for the radioactivity incorporated into axoplasmic proteins of the squid giant axon, for the following reasons. (i) While in the present experiments the incorporation of leucine into axoplasmic proteins was inhibited by both puromycin and AXM, the soluble NH2-terminal addition system is much less sensitive to these drugs (15, 16) . (ii) In comparison with other amino acids such as arginine (16) , leucine is a rather poor substrate for NH2-terminal addition in eukaryotic cells. (iii) NHrterminal addition has never been demonstrated in whole cells. (iv) The correspondence in the electrophoretic profiles from axoplasm and sheath, respectively, indicates that these proteins were labeled by a similar mechanism. (v) When isolated axoplasm was incubated in a small drop of MPF sea water, no [3H]leucine was incorporated into protein (personal, unpublished observation).
If proteins synthesized in sheath cells are indeed transferred into the axoplasm, then it might be expected that labeled proteins would appear in the sheath prior to their appearance in the axoplasm. We undertook a preliminary kinetic analysis of labeled proteins in sheath and axoplasm of giant axons incubated for 15, 30, 45, and 120 min. These preliminary experiments, however, failed to resolve any difference in the rate at which proteins appeared in the sheath and axoplasm. Labeled proteins appeared in the axoplasm and sheath within the first 30 min of incubation. A critical study of the period between 15 and 45 min of incubation by pulse-chase analysis will be needed to determine whether the kinetics of incorporation are consistent with the notion of protein-transfer from Schwann cells to the axon.
Another line of evidence supporting the transfer hypothesis comes from experiments employing the perfusion method of Lerman et al. (27) . In these studies, perfusion of the giant axon with artificial axoplasm while the axon was immersed in sea water containing 50 ,Ci/ml of [3H]leucine caused hottrichloroacetic-acid-precipitable radioactivity to appear in the perfusate (Gainer, H., Tasaki, I., Barker, J., and Lasek, R. J., unpublished results). Throughout the duration of the perfusion the axons were able to conduct action potentials. These results rule out the possibility that the labeled proteins enter the axon through damaged spots or "holes" in the axon's plasma membrane. Addition of 50,4g/ml of pancreatic ribonuclease to the perfusion fluid had no effect on the appearance of labeled proteins in the perfusate, an observation suggesting that RNA-directed protein synthesis in the axoplasm cannot account for the appearance of labeled proteins in the axoplasm.
Of the possible mechanisms which might explain the appearance of labeled proteins in isolated giant axons, a transfer of proteins from the Schwann cells to the axon would seem most consistent with the data at hand. The following evidence from the present experiments supports this hypothesis: (i) Axoplasm contains little if any ribosomal RNA, but labeled proteins were found within the axoplasm by three separate methods (extrusion, radioautography, and perfusion). The appearance of these proteins in the axoplasm was inhibited by puromycin and AXM. (ii) Perfusion of RNase through the axoplasm had no effect on the appearance of labeled proteins in the axoplasm. (iii) A direct quantitative correlation was observed between the regional distribution of labeled proteins in, respectively, the sheath and the axoplasm. (iv) The amount of labeled protein in the axoplasm was greater near the surface of the axon than in the center of the axon. (v) The labeled proteins found in the axoplasm corresponded to labeled proteins in the sheath with respect to molecular weight and isoelectric point, and no labeled proteins were found in the axoplasm which were not represented in the sheath. (vi) The labeled proteins found in the axoplasm are primarily soluble.
Further, incidental, support of the transfer mechanism here postulated comes from the following observations: (i) The squid giant axon actively takes up proteins from the surrounding medium, apparently by pinocytosis at a high rate (14 (19) (20) (21) (22) 26) . A substantial literature indicates that pinocytosis may be an important physiological mechanism for the uptake of exogenous proteins into cells (28) , and this mechanism has been suggested as the means by which protein hormones effect their action on receptive cells (28) . This line of reasoning could be extended to the squid giant axon: it is possible that the transfer of proteins from Schwann cell to axon may take place by some form of secretion (possibly exocytosis) coupled with pinocytosis into the axon.
The large number of vesicles which is present in the axon near the axolemma is consistent with this possibility (12) .
The possible functional role of the transfer of proteins from Schwann cell to axon can only be speculated upon. It is noteworthy that the motor axon of at least one invertebrate, the crayfish, can remain electrically excitable for periods as long as months after being disconnected from its neuron cell body (23) , even though the axon shrinks significantly during this period (24) . Support of the crayfish axon might be provided in part by the transfer of proteins from the Schwann cell to the axon. On the other hand, axons of cephalopods including the squid are reported to undergo degenerative changes after being severed from the perikaryon (25) . Thus, if the Schwann cells provide the squid giant axon with physiologically important molecules, this supply would seem insufficient to maintain the axon. The interaction between the Schwann cell and the axon may represent a local regulatory mechanism rather than some "nutritive" process. This view seems most consistent with the widely held "neuron doctrine" and the substantial evidence which indicates that the neuron's cell body is the primary source of axonal macromolecules (1) .
A large body of evidence indicates that during development specific interactions between adjacent cells are involved directly in the regulation of morphogenesis, and that, subsequently, these interactions are essential for the maintenance of the differentiated state in mature organs. It has been suggested that these interactions between cells involve the transfer of "informational macromolecules" from one cell to another; however, such a mechanism has not been critically demonstrated. The evidence presented here indicates that a substantial fraction of newly synthesized proteins can be transferred from one cell to another in a mature nervous system. In future work it should be possible to employ the squid giant axon to critically probe the mechanisms underlying cell-to-cell transfer between glial cells and neurons. However, the major problem remains: whether or not proteins which are transferred from the Schwann cell to the axon convey biologically significant information.
